Cholesterol glucosylation by Helicobacter pylori delays internalization and arrests phagosome maturation in macrophages  by Du, Shin-Yi et al.
Journal of Microbiology, Immunology and Infection (2016) 49, 636e645Available online at www.sciencedirect.com
ScienceDirect
journal homepage: www.e- jmii .comORIGINAL ARTICLECholesterol glucosylation by Helicobacter
pylori delays internalization and arrests
phagosome maturation in macrophages
Shin-Yi Du a,c, Hung-Jung Wang a,c, Hsin-Hung Cheng a,b,
Sheng-De Chen a, Lily Hui-Ching Wang a, Wen-Ching Wang a,b,*a Institute of Molecular and Cellular Biology and Department of Life Science, National Tsing Hua
University, Hsinchu, Taiwan
b Biomedical Science and Engineering Center, National Tsing Hua University, Hsinchu, TaiwanReceived 7 February 2014; received in revised form 16 May 2014; accepted 29 May 2014
Available online 26 July 2014KEYWORDS
cholesteryl
glucosides;
Helicobacter pylori;
lipid raft;
phagocytosis;
phagosome
maturation;
phagosome
trafficking* Corresponding author. Life Science
E-mail addresses: wcwang@mx.nth
c These authors contributed equally
http://dx.doi.org/10.1016/j.jmii.2014
1684-1182/Copyright ª 2014, Taiwan
CC BY-NC-ND license (http://creativeBackground/Purpose: Helicobacter pylori colonizes the human stomach and contributes to
chronic inflammation of the gastric mucosa. H. pylori persistence occurs because of insuffi-
cient eradication by phagocytic cells. A key factor of H. pylori, cholesterol-a-glucosyltransfer-
ase encoded by capJ that extracts host cholesterol and converts it to cholesteryl glucosides, is
important to evade host immunity. Here, we examined whether phagocytic trafficking in mac-
rophages was perturbed by capJ-carrying H. pylori.
Methods: J774A.1 cells were infected with H. pylori at a multiplicity of infection of 50. Live-cell
imaging and confocal microscopic analysis were applied to monitor the phagocytic trafficking
events. The viability of H. pylori inside macrophages was determined by using gentamicin
colony-forming unit assay. The phagocytic routes were characterized by using trafficking-
intervention compounds.
Results: Wild type (WT) H. pylori exhibited more delayed entry into macrophages and also ar-
rested phagosome maturation more than did capJ knockout mutant. Pretreatment of genistein
and LY294002 prior to H. pylori infection reduced the internalization of WT but not capJ-
knockout H. pylori in macrophages.Building II, Room 436. No.101, Section 2, Kuang-Fu Road, Hsinchu 30013, Taiwan.
u.edu.tw, wcwang@life.nthu.edu.tw (W.-C. Wang).
to this work.
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Cholesterol glucosylation by Helicobacter pylori 637Conclusion: Cholesterol glucosylation by H. pylori interferes with phagosome trafficking via a
lipid-raft and PI3K-dependentmanner,which retards engulfment of bacteria for prolonged intra-
cellular survival of H. pylori.
Copyright ª 2014, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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Helicobacter pylori colonizes the human stomach in
approximately half the population over a lifetime. If not
treated, H. pylori is an exceptionally successful pathogen.
Persistent infection with H. pylori causes chronic inflam-
mation, which may lead to cellular atrophy and gastric
malignances.1,2,3,4 In 1994, this bacterium was categorized
as a Group I carcinogen by the World Health Organization’s
International Agency for Research on Cancer.5 Using the
mongolian gerbil, a model of gastric carcinogenesis was
established,6,7 starting with H. pylori infection that pro-
gresses to gastritis, intestinal metaplasia, and dysplasia to
cancer as originally proposed by Correa.8
Virulent H. pylori strains, or type I strains, carry vacA and
the cag pathogenicity island (cagPAI ), which encodes a type
IV secretion system (TFSS) and a key virulence factor called
CagA that plays an important role in oncogenesis.9,10,11
CagA is currently the only bacterial protein known to be
delivered into the host cell by TFSS. TFSS-mediated CagA
translocation and phosphorylation, as well as CagA-induced
responses during H. pylori infection, are cholesterol
dependent.12,13 Interestingly, the delivery of CagA into
epithelial cells is also influenced by cholesteryl glucosides
(CGs) present in the H. pylori cell wall.13,14 Cholesterol-a-
glucosyltransferase (CGT) is an important enzyme in this
regard, and it is encoded by capJ and synthesizes choles-
terol-a-D-glucopyranoside (aCG) from host cholesterol. aCG
can be further modified to cholesteryl-60-O-tetradecaboyl-
a-D-glucopyranoside (aCAG) and cholesteryl-60-O-phospha-
tidyl-a-D-glucopyranoside (aCGP).15 Because the catalytic
product of CGT is a starting material for other cholesteryl
derivatives, the loss of this enzyme in DcapJ H. pylori leads
to complete deficiency in CGs in the bacterial cell wall as
opposed to the large amount that is present in wild type
(WT) H. pylori (25% of the total lipids).16 The DcapJ H. py-
lori exhibits a greatly reduced ability to inject CagA,14 it
also has a substantially lower ability to escape phagocytosis
by macrophages and to reduce antigen-specific T-cell re-
sponses in antigen-presenting cells, evading clearance by
the host immune system.17
Although phagocytosis is frequently considered a useful
means to eliminate invading microbes,18,19 H. pylori has
developed away to evade attack bymacrophages and causes
chronic inflammation. Phagocytosed H. pylori, particularly
type I strains, can survive even though efficient engulfment
by macrophages occurs.20 Delayed phagocytosis resulting
from the need to reorganize themembrane architecture and
cytoskeleton has been noted for type I strains21 in which the
type IV secretion apparatus functions as an adhesin-like
molecule.14 Whether any other effectors are involved inthis process remains unknown. In this investigation, we
defined the role of CGT in influencing bacterial engulfment
and phagosome maturation processes.
Materials and methods
Bacteria, cell culture, and construction of H. pylori
mutants
The reference strain H. pylori 26695 (ATCC 700392) was used
in this study. H. pylori was cultured on Brucella agar plates
(Becton Dickinson, Franklin Lakes, NJ, USA) supplemented
with 2.8% Brucella broth powder, 0.2% b-cyclodextrin, 0.1%
yeast extract, 1.5% agar, 1% isovitalex, and 10% sheep blood
at 37C in a microaerophilic atmosphere (10% CO2, 5% O2,
and 85% N2) for 2 days. The murine macrophage cell line
J774A.1 (TIB-67; American Type Culture Collection) was
cultured in Dulbecco Modified Eagle Medium (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% heat-inactivated
fetal bovine serum (HyClone, Logan, UT, USA) at 37C in 5%
CO2. The isogenic H. pylori mutants DcagA, DcapJ, and
DcapJ-in strain were constructed as described.12,14
Live-cell imaging of J774A.1 cells infected with H.
pylori
J774A.1 cells were plated on a glass-bottom 35-mm dish at a
concentration of 2 105 cells per dish and cultured overnight
to obtain 50% confluency. Cells were infected with PKH67
(Sigma-Aldrich, St. Louis, MO, USA)-stained H. pylori at a
multiplicity of infection (MOI) of 50. Infected live cells were
then incubated at 37C in 5% CO2 for 5 hours and visualized
with an LSM780 confocal laser scanning microscope (Carl
Zeiss, Gottingen, Germany). Images of serial optical sections
(512  512 pixels) were obtained using a Plan-Apochromat
63  /1.4 differential interference contrast (DIC) objec-
tive. Confocal laser (488 nm) and phase-contrast images
were collected at 1-minute intervals for 5 hours.
Gentamicin colony-forming unit assay
Bacterial survival inside macrophages was determined with
a gentamicin colony-forming unit (CFU) assay.22 J774A.1
cells (1  105) were seeded in 24-well plates and cultured
overnight to obtain 80% confluency. Cells were infected
with H. pylori at an MOI of 50 and synchronized by centri-
fugation at 600g for 5 minutes. After incubation for 1 hour
at 37C, noninternalized bacteria were killed by addition of
100 mg/mL gentamicin to the culture medium for 1 hour.
Macrophages were then washed three times with phosphate
638 S.-Y. Du et al.buffered saline (PBS) and returned to antibiotic-free cul-
ture medium. After infection for 2 hour, 4 hour, or 6 hours,
the cells were lysed for 5 minutes with 0.1% saponin in PBS.
Appropriate dilutions of the bacterial suspension were
plated on agar plates, incubated for 4e5 days under
microaerophilic conditions, and the CFUs were counted.
Confocal laser microscopy
J774A.1 cells (5  105) were seeded onto coverslips in six-
well plates and cultured overnight to obtain 70% conflu-
ence. Cells were infected with H. pylori at an MOI of 50. For
synchronized infection, plates were immediately centri-
fuged at 600g for 5 minutes. After the desired infection
time, cells were washed and fixed with 3.7% para-
formaldehyde in PBS for 10 minutes, followed by per-
meabilization with 0.1% (v/v) Triton X-100 in PBS for 30
minutes. Cells were blocked with 3% donkey serum in PBS
for 1 hour and then incubated with anti-H. pylori, anti-
early endosome antigen 1 (EEA1), or anti-lysosomal-
associated membrane protein 1 (LAMP1) antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) at 4C overnight.
The working dilution of anti-H. pylori, anti-EEA1, or anti-
LAMP1 antibody was 1:100. The prepared samples were
then stained with a Cy2-conjugated (for anti-H. pylori
antibody) or Cy3-conjugated (for anti-EEA1 or anti-LAMP1
antibody) secondary antibody at room temperature for 1
hour. The working dilutions of Cy2-conjugated or Cy3-
conjugated secondary antibody were 1:400. Cells were
then washed, mounted, and examined with an LSM510
confocal laser scanning microscope (Carl Zeiss, Gottingen,
Germany) equipped with a Plan-Apochromat 63  /1.4 DIC
(oil) objective. The percentage of H. pylori phagosomes
colocalizing with EEA1 or LAMP1 as assessed by the merged
immunofluorescence image was determined by counting at
least 200 random cells from each sample.
LysoTracker staining and colocalization analysis
J774A.1 cells (5  105) were seeded onto coverslips in six-
well plates and cultured overnight to obtain 70% con-
fluency. LysoTracker Red DND-99 (Molecular Probes Inc.,
Eugene, OR, USA) was diluted in culture medium to a final
concentration of 800 nM. Cells were preloaded with Lyso-
Tracker for 2 hours and infected with H. pylori for 30 mi-
nutes, 60 minutes, or 90 minutes. For synchronized
infection, plates were immediately centrifuged at 600g for
5 minutes. After the desired infection time, cells were
washed and fixed with 3.7% paraformaldehyde in PBS for 10
minutes, followed by permeabilization with 0.1% (v/v)
Triton X-100 in PBS for 30 minutes. Cells were blocked with
3% donkey serum in PBS for 1 hour and then incubated with
anti-H. pylori antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) at 4C overnight. The working dilution of
anti-H. pylori antibody was 1:100. The prepared samples
were then stained with a Cy2-conjugated secondary anti-
body (Jackson ImmunoResearch, West Grove, PA, USA) at
room temperature for 1 hour. The working dilutions of Cy2-
conjugated secondary antibody were 1:400. Cells were then
washed, mounted, and examined with an LSM510 confocal
laser scanning microscope (Carl Zeiss, Gottingen, Germany)equipped with a Plan-Apochromat 63  /1.4 DIC (oil)
objective. The percentage of H. pylori phagosomes coloc-
alizing with LysoTracker as assessed by the merged
immnuofluorescence image was determined by counting at
least 200 random cells from each sample.
Drug treatments and phagocytic assay
J774A.1 cells (1  105) were seeded in 24-well plates to
incubate overnight and treated with 20 mM genistein
(Sigma-Aldrich, St. Louis, MO, USA), 5 mM cytochalasin D
(Sigma-Aldrich, St. Louis, MO, USA), 20 mM Nocodazole
(Sigma-Aldrich, St. Louis, MO, USA), 25 mM LY294002
(Cayman, Ann Arbor, MI, USA), or 1 mM staurosporine
(Cayman, Ann Arbor, MI, USA) for 30 minutes in serum-free
medium. The cells were washed twice with PBS prior to H.
pylori infection for 30 minutes. The noninternalized bac-
teria were killed by addition of 200 mg/mL gentamicin to
the culture medium for 30 minutes. The viability of inges-
ted bacteria is calculated as described above and normal-
ized to 100% internalization. Control (100%) is defined as
the phagocytosis by cells treated with DMSO only.
Statistical analysis
The Student t test was used to calculate the statistical
significance of the experimental results for two groups. A p
value of <0.05 was considered significant. Error bars
represent standard deviation.
Results
The DcapJ H. pylori is more vulnerable to
internalization and killing by macrophages
Our previous study demonstrated that CGs synthesized first
by CGT promote TFSS-mediated function by interacting
with and altering the membrane architecture in gastric
epithelial cells.14 We wondered whether this CGs also
regulated the membrane function of immune cells, focusing
on the phagocytic capability of macrophages. First, we
tested whether DcapJ, which lacks CGs in its cell wall, was
more susceptible to phagocytosis by J774A.1 macrophage
cells. Real-time live-cell imaging analysis and confocal
microscopic visualization were performed to determine the
time required for bacteria to be internalized into macro-
phages once they adhered to the cell surface. H. pylori
were labeled with PKH67, a green fluorescent probe that
labels membranes, and added to macrophages at an MOI of
50. Live-cell images were then taken at 1-minute intervals
for 5 hours. For a consecutive series of images showing
internalization, t Z 0 was defined as when bacteria made
initial contact with the cell surface as compared to that at
tZ 1 (Fig. 1A). The labeled bacteria were monitored until
engulfed into the macrophage; this was considered the
time required for internalization. As shown in Fig. 1,
significantly less time was required for internalization of
DcapJ than for WT (13 minutes vs. 23 minutes, respec-
tively), revealing that DcapJ was more vulnerable to
internalization by J774A.1 cells. The DcapJ-in strain was
Figure 1. Engulfment of Helicobacter pylori by macrophages. (A) J774A.1 cells were plated on glass-bottom dishes and infected
with the PKH67-stained H. pylori. Infected live cells were visualized using confocal laser scanning microscopy for time-lapse ex-
periments. Confocal images (488 nm) taken at different times were merged with the corresponding phase-contrast images. The
framed region was magnified and is shown below. The arrows indicate bacteria interacting with cells. Scale bars represent 20 mm.
(B) Internalization time was measured based on the movement of bacteria and host cells. Each value represents the
mean  standard deviation of data from at least 14 independent experiments. (C) J774A.1 cells were infected with WT, DcapJ, or
DcapJ-in H. pylori for 2 hours, 4 hours, or 6 hours. The viability of H. pylori was calculated using the gentamicin colony-forming unit
(CFU) assay. Each value represents the mean  standard deviation of data from three independent experiments. Statistical sig-
nificance was evaluated using the Student t test (*p < 0.05; **p < 0.001).
Cholesterol glucosylation by Helicobacter pylori 639used to test whether the reduced resistance to phagocy-
tosis could be rescued. The DcapJ-in H. pylori indeed dis-
played a comparable internalization time as the WT strain,
revealing restored resistance to macrophage engulfment.
Interestingly, the cagA knockout mutant (DcagA) that lost
the expression of cagA but not capJ also retained the
resistant phenotype (Fig. 1B).
We next determined the phagocytosed bacteria using
differential immunofluorescence staining to visualize theamount of extracellular or internalized bacteria. The DcapJ
H. pylori displayed increased intracellular bacteria in
J774A.1 cells compared with WT strain (Figure S1 in the
supplementary material online). Further, we determined
the survival of internalized bacteria inside J774A.1 cells by
using gentamicin CFU assay. TheWTstrain showed enhanced
survival compared with DcapJ strain at 2-hour postinfection
(6.0  0.4 log CFU/105 cells versus 2.6  1.1 log CFU/105
cells, P < 0.001). A similar trend was found at later
Figure 2. Colocalization of LysoTracker with Helicobacter pylori in infected macrophages. (A) J774A.1 cells were stained with
LysoTracker Red DND-99 (red) to label acidic phagolysosomes and subsequently infected with wild type (WT), DcapJ, or DcapJ-in H.
pylori for 0.5 hours, 1 hour, and 1.5 hours. Infected cells were stained with an antibody against H. pylori, labeled with Cy2-
conjugated secondary antibody (green), and observed with confocal fluorescence microscopy. The merged fluorescence picture
shows colocalization of LysoTracker with H. pylori in yellow. The framed region was magnified, and the magnified images were
shown in the lower right corner. Scale bars represent 20 mm. (B) Quantification of the percentage of cells with yellow organelles
was determined by counting at least 200 random cells from each sample. The data represent the mean  standard deviation of at
least three independent experiments. Statistical significance was evaluated using the Student t test (*p < 0.05).
640 S.-Y. Du et al.postinfection time points (Fig. 1C). For cell infection with
DcapJ-in, the reduced survival seen in DcapJ H. pylori was
significantly restored. These results together suggested that
H. pylori capJ, which encodes the enzyme that synthesizes
unique CGs, is essential for the observed delay in phagocy-
tosis time as well as for enhanced intracellular survival.The presence of capJ confers resistance to
phagolysosome fusion of H. pylori in macrophages
We next sought to test whether cholesterol glucosylation by
CapJ altered phagosome trafficking. Because ingested par-
ticles containing bacteria are eventually presumed to fuse
Cholesterol glucosylation by Helicobacter pylori 641with acidic, hydrolase-containing lysosomes to form phag-
olysosomes in which they are degraded,23 we first evaluated
whether WT and DcapJ H. pylori displayed any difference in
lysosome fusion once internalized. Macrophages were
labeled with LysoTracker Red DND-99, an acidotropic probe,
to track acidic phagolysosomes. At various times after
infection, macrophages were fixed and observed using
immunofluorescence staining. As shown in Fig. 2, H. pylori
colocalized with LysoTracker (yellow) in infected macro-
phages. At t Z 30 minutes, a slightly higher fraction of
DcapJ-infected cells colocalizedwith LysoTracker compared
to WT-infected cells, albeit not statistically significant. At
later time points (t Z 60 minutes and t Z 90 minutes), a
statistically significant difference was found between
DcapJ-infected and WT-infected cells, suggesting that
DcapJ entered phagolysosomes significantly more rapidly.
When cells were infected with the DcapJ-in strain, the
reduced resistance ofDcapJ H. pylori to lysosome fusion wasFigure 3. Colocalization of EEA1 with Helicobacter pylori in inf
DcapJ, or DcapJ-in H. pylori for 0.5 hours. Infected cells were sta
microscopy. The merged fluorescence picture shows co-localization
(B) Quantification of the percentage of cells with yellow organelles w
sample. The data represent the mean  standard deviation of at le
evaluated using Student t test (*p < 0.05). EEA1 Z early endosomessentially abolished. These results collectively suggested
that internalized H. pylori that are capable of synthesizing
CGs arrest phagolysosome fusion, which may hence sustain a
higher level of survival seen in Fig. 1C.Cholesterol glycosylation by H. pylori arrests
phagosome maturation in macrophages
We next asked whether the presence of CapJ regulated the
rate of phagosome trafficking using two markers: EEA1, an
early endosome marker; and LAMP1, a marker of late endo-
somes and lysosomes.24,25 We monitored the localization of
H. pylori (WT, DcapJ, or DcapJ-in) relative to EEA1 and
LAMP1 in infected J774A.1 cells at different time points. In
DcapJ-infected cells, we observed a slightly reduced level of
co-localization between H. pylori and EEA1 at 0.5 hours
postinfection as compared with WT-infected cells (Fig. 3).ected macrophages. (A) J774A.1 cells were infected with WT,
ined with antibodies and observed with confocal fluorescence
of EEA1 with H. pylori in yellow. Scale bars represent 20 mm.
as determined by counting at least 200 random cells from each
ast three independent experiments. Statistical significance was
e antigen 1.
642 S.-Y. Du et al.Infection with DcapJ-in H. pylori restored the colocalization
level, albeit no statistical significance. Interestingly, there
was significantly diminished colocalization between WT and
LAMP1 simultaneously with an increase in colocalization of
DcapJ and LAMP1 at 1 hour post infection (Fig. 4). DcapJ-in-
infected cells had a restored arrest, suggesting that choles-
terol glucosylation decreased WT H. pylori delivery to
degradative compartments.Cholesterol glucosylation by H. pylori modulates
lipid-raft trafficking endocytic pathway that
requires PI3K activation
We have previously shown that CGs reside preferentially in
regions of the membrane that resists detergent-mediated
solubilization, i.e., lipid rafts.14 Given our findings that WT
but not DcapJ H. pylori alters phagosome trafficking andFigure 4. Colocalization of LAMP1 with Helicobacter pylori in in
(WT), DcapJ, or DcapJ-in H. pylori for 1 hour. Infected cells were st
microscopy. The merged fluorescence picture shows co-localization
(B) Quantification of the percentage of cells with yellow organelles w
sample. The data represent the mean  standard deviation of at le
evaluated using Student t test (**p < 0.001). LAMP1 Z lysosomal-aarrests phagosome maturation, we hypothesize that these
glycolipids interfere with cytoskeletal rearrangement
required for endosome trafficking. To test this notion, we
used several trafficking-intervention compounds: (1) cyto-
chalasin D and nocodazole, cytoskeleton polymerization
inhibitors; (2) genistein, lipid-raft/caveolae-mediated
endocytosis inhibitor; and (3) staurosporine and LY294002,
PKC, and PI3K inhibitor. As shown in Fig. 5, pretreatment of
cytochalasin D and nocodazole prior to H. pylori infection
reduced the internalization of WT, DcapJ, and DcapJ-in
strain in macrophages. However, genistein-treated macro-
phages had a much reduced level of internalized WT and
DcapJ-in. No significant difference was seen between
nontreated or genistein-treated macrophages infected with
DcapJ, despite considerably less internalized bacteria.
These results suggest that WT but not DcapJ H. pylori
entered into macrophages via a lipideraft-dependent
manner. Pretreatment cells with staurosporine did notfected macrophages. (A) J774A.1 cells were infected wild type
ained with antibodies and observed with confocal fluorescence
of LAMP1 with H. pylori in yellow. Scale bars represent 20 mm.
as determined by counting at least 200 random cells from each
ast three independent experiments. Statistical significance was
ssociated membrane protein 1.
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contrast, engulfment of WT rather than DcapJ was signifi-
cantly inhibited upon treatment with the PI3K inhibitor,
LY294002 (Figs. 5A and 5B). Infection with DcapJ-in
restored the loss-of-protection phenotype upon LY294002
treatment (Fig. 5C). A complementary experiment was
performed to assess the activated status of Akt, a critical
signaling molecule downstream of PI3K. We found that the
level of activated phospho-Akt (Ser473) was significantly
increased in macrophages infected with WT or DcapJ-in but
not DcapJ H. pylori (Figure S2 in the supplementary
material online). Based on these results, we suggest that
cholesterol glucosylation by H. pylori regulates lipid-raft
trafficking endocytic pathway that requires PI3K activation.Figure 5. Effect of endocytosis inhibitors on the internaliza-
tion of Helicobacter pylori into macrophages. J774A.1 cells pre-
treated with cytochalasin D, nocodazole, genistein,
staurosporine, or LY294002 for 30 minutes were infected with (A)
wild type (WT), (B) DcapJ, or (C) DcapJ-in H. pylori for 30 mi-
nutes. The viable bacterial uptake was determined by using the
gentamicin colony-forming unit (CFU) assay. Control (100%) of
WT,DcapJ andDcapJ-in H. pyloriwas represented asw106 CFU/
105 cells,w103 CFU/105 cells, and w106 CFU/105 cells, respec-
tively. The data represent the mean  standard deviation of at
least three independent experiments. Statistical significancewas
evaluated using Student t test (*p < 0.05, **p < 0.001).Discussion
H. pylori has developed a way to evade attack by macro-
phages and causes chronic inflammation,20,21,26 although
the phagocytic process usually removes invading microbes
successfully.18,19 Here, we demonstrate that a unique
bacterial enzyme CGT responsible for the synthesis of the
cell wall cholesterol glucosides confers to resistance of two
phagocytic actions by macrophages, i.e., an initial phago-
cytic endocytosis and subsequent phagolysosome forma-
tion. By the use of real-time confocal microscopic
visualization, the DcapJ was much more susceptible to be
engulfed by macrophages than was WT H. pylori. In our
previous study, we demonstrated that DcapJ H. pylori was
associated with reduced TFSS-associated activities,
including CagA translocation into host cell and CagA-
mediated signaling events.14 Here, we tested whether
CagA could regulate the delayed entry into macrophages
via a CapJ-independent manner. Our results indicated that
both WT and DcagA H. pylori exhibited comparable inter-
nalization by J774A.1 cells and therefore ruled out this
proposal. These results also confirmed that DcapJ but not
DcagA H. pylori was vulnerable to engulfment by macro-
phages. By tracing the trafficking route using markers
including EEA1 and LAMP1, we found that a significantly
higher proportion of DcapJ entered into the late endosome
and/or lysosome than that of WT H. pylori. As a result,
capJ-carrying H. pylori exhibited a higher level of survival
in macrophages, hence successfully colonized in this unique
ecological niche.
The prominent feature of CGs is that they preferentially
reside in regions of the membranes that resist detergent-
mediated solubilization, i.e., the more rigid membrane
sites.14 The presence of CGs in WT H. pylori is thus likely to
perturb the onset of cytoskeletal rearrangement required
for membrane ruffling and endocytosis. We further used in-
hibitors against cytoskeleton rearrangement via PI3K or PKCz
to characterize the engaged endocytic pathway by macro-
phages.27,28 Our results show that engulfment of WT H. py-
lori but not DcapJ by macrophages was mediated via a lipid-
raft and PI3K-dependent manners (Fig. 5). Because CGs are
predisposed to linking to rafts, it is likely that WT H. pylori
enters into macrophages through the lipid-raft endocytic
route, which requires cytoskeleton reorganization mediated
by PI3K. CGs-inserted membranes that are more “rigid” at
the bacterial contact sites might, to a certain extent, resistbeing restructured, thereby delaying phagocytic endocytosis
and subsequently arresting phagolysosome fusion.
Based on these results, we propose the following
sequence for capJ-carrying H. pylori used to evade
Figure 6. Proposed model of how Helicobacter pylori evades eradication in macrophages by delaying internalization and
interrupting phagosome maturation. Cholesterol is extracted from macrophage membranes when H. pylori contact host cells [step
1; (1)]. In WT but not DcapJ H. pylori, CGs, including aCG, aCAG, and aCGP, are synthesized by membrane-bound CGT. In parallel,
the fluctuating CGs in bacteria can drift into the lipid bilayer, which is composed of phospholipids (PL), of macrophage (magnified
illustration). Accumulated CGs and cholesterol facilitate selective lateral-phase segregation and induce raft coalescence at host-
bacterium contact sites, which may reduce the membrane fluidity and cause wild type (WT) H. pylori to be engulfed more slowly
than the DcapJ H. pylori [step 2; (2)]. During phagocytosis, WT but not DcapJ H. pylori is phagocytized via lipid-raft and PI3K-
dependent mechanisms. The CGs may reorganize the macrophage membrane architecture and delay the process of phagosome
maturation [step 3; (3)]. In contrast to phagosomes containing WT H. pylori, the majority of phagosomes containing DcapJ H. pylori
fuse with lysosomes [step 4; (4)], which cause WT H. pylori displays extremely high survival in macrophages. aCAGZ cholesteryl-
60-O-tetradecaboyl-a-D-glucopyranoside; CG Z cholesteryl glucosides; CGT Z cholesterol-a-glucosyltransferase.
Cholesterol glucosylation by Helicobacter pylori 645phagocytosis: (1) CGs synthesized by CGT insert and parti-
tion into the raft region at H. pyloriemacrophage attach-
ment sites to yield a “immobile” or “rigid” region that is
more resistant to induction of membrane ruffling; (2) the
selective CGseinserted membrane phase for segregation
into the raft region may serve as a sensor that triggers
reorganization of the membrane cytoskeleton and subse-
quent PI3K-dependant endocytosis; (3) the selective CGs
inserted into the membrane region likely increase the
resistance to fusion with early endosomes, late endosomes,
and lysosomes, leading to a slower rate of phagolysosome
formation. The much lower internalization activity seen in
the WT H. pylori compared to DcapJ supports the notion of
prolonged bacterial survival of the WT H. pylori inside
macrophages (Fig. 6).
In conclusion, our results demonstrate a new role for
CGT in H. pylori immune evasion, namely prolonged sur-
vival inside macrophages by the synthesized CGs for
retarded entry as well as arrested phagolysosome fusion
dependent on PI3K. Understanding how H. pylori avoids the
host immune response is valuable for the development of
novel treatments for H. pylori infection.
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